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hotspot	 for	emissions	because	of	 the	 large	 input	of	nitrogen	 (N)	 fertilizers	applied	





of	 agriculture	 and	 forest	 coverage.	 Our	 results	 showed	 that	 agricultural	 and	 for‐
est	streams	had	comparable	N2O	concentrations	of	1.6	±	2.1	and	1.3	±	1.8	µg	N/L,	
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1  | INTRODUC TION
Nitrous	oxide	(N2O)	is	a	potent	greenhouse	gas	with	a	global	warming	







Nitrous	 oxide	 is	 the	 result	 of	 biotic	 or	 abiotic	 transformations	
of	 nitrogenous	 compounds	 in	 soils,	 sediments	 or	 waters	 (Baggs	 &	
Philippot,	2011;	Wrage,	Velthof,	van	Beusichem,	&	Oenema,	2001),	
with	 nitrification	 and	 denitrification	 being	 two	 major	 processes.	






















Soils	 and	 livestock	 management	 are	 the	 main	 anthropogenic	
sources	 of	 N2O	 in	 agricultural	 landscapes	 (Ciais	 et	 al.,	 2014).	
However,	a	fraction	of	N	fertilizers	applied	onto	fields	can	be	leached	
to	 ground‐	 and	 surface	 waters.	 During	 leaching	 and	 transport	 in	
ground‐	and	surface	waters,	transformation	processes	(e.g.,	denitrifi‐
cation)	result	in	the	production	of	N2O,	which	is	water‐soluble	(Baggs	
&	Philippot,	 2011;	Wrage	 et	 al.,	 2001).	Hence,	 drainage	 networks	
(i.e.,	ditches	and	streams)	are	hotspots	for	N2O	emissions	(Reay	et	al.,	






et	 al.,	 2016).	 Considering	 that	 the	 consumption	 and	 use	 of	 agri‐
cultural	N	 fertilizer	 is	 increasing	 to	meet	 the	 food	 demand	 of	 the	
growing	global	population	(Bodirsky	et	al.,	2014),	it	is	likely	that	ag‐
ricultural	N2O	emissions	will	continue	to	increase	in	the	future	and	
contribute	 to	 climate	 forcing	 and	 ozone	 depletion	 (Ravishankara	
et	al.,	2009;	Reay	et	al.,	2012).




2005;	 Vidon	 &	 Serchan,	 2016),	 despite	 the	 potential	 of	 forested	
catchments	 to	 process	 and	 transform	 N	 (e.g.,	 Brookshire,	 Valett,	
Thomas,	&	Webster,	2005;	Kortelainen	et	al.,	2006;	Sponseller	et	al.,	
2016).	Estimation	of	N2O	emissions	 from	forest	streams	would	be	
especially	 relevant	 in	 countries	where	 forest	 covers	 large	 propor‐
tions	of	 the	 total	 land	mass	 such	as	Finland	 (73%),	 Sweden	 (69%),	
Russia	(50%)	and	Canada	(38%;	FAO,	2015).	Hence,	even	if	it	is	likely	











total	stream	 length	 (Bishop	et	al.,	2008).	We	hypothesized	that	 (a)	
streams	in	forested	catchments	will	have	lower	N2O	concentrations	
than	streams	draining	agricultural	 catchments	because	of	 lower	N	
availability;	 (b)	 when	 scaled	 to	 the	 national	 level,	 Swedish	 forest	
streams	will	emit	more	N2O	than	agricultural	 streams	due	 to	 their	
greater	length	and	surface	area.
2  | MATERIAL AND METHODS
2.1 | Data set and site descriptions
The	 data	 set	 of	 the	 present	 study	 comprises	 direct	 concentration	
measurements	 of	 N2O	 from	 Swedish	 streams.	 The	 data	 set	 is	 a	
combination	 of	 catchment	 and	 regional	 surveys	 performed	during	
2004–2017	in	six	catchments	or	regions:	Krycklan	(KRY),	South‐East	
Sweden	 (SES),	 Skogaryd	 Research	Catchment	 (SRC),	 Scania	 (SCA),	
and	Uppsala	1	and	2	 (UPP1	and	UPP2).	The	 sites	 spanned	a	 large	
geographical	 range	of	 Sweden	 from	 approximately	 55°N	 to	64°N,	
thereby	covering	most	climatic	zones	with	the	exception	of	the	sub‐
Arctic	 (Figure	 1).	 All	 data	 were	 collected	 from	 low‐order	 streams	
(Strahler	order	≤	4),	except	for	two	sampling	sites	at	UPP2	where	the	
Strahler	order	was	5.
The	 mean	 annual	 precipitation	 and	 temperature	 at	 the	 sites	
ranged	from	550	to	900	mm	and	from	2	to	7°C,	respectively	(Table	1).	













sonal	 survey,	 except	 in	 summer	 2016	when	 only	 38	 sites	were	
sampled	due	to	drought.	SRC	consisted	of	17	sampling	sites	that	
were	 visited	 two	 to	 four	 times	 between	March	 and	 July	 2014	
(see	 Natchimuthu,	Wallin,	 Klemedtsson,	 &	 Bastviken	 2017)	 for	
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more	information	on	the	catchment).	The	sites	at	SCA	in	south‐
ern	Sweden	comprised	18	 streams	 that	were	visited	 four	 times	
in	May–June	 2016.	 The	 catchment	 sampled	 at	 UPP1	 is	 part	 of	
the	Swedish	national	monitoring	program	for	agriculture	(catch‐
ment	C6;	Kyllmar,	Carlsson,	Gustafson,	Ulen,	&	Johnsson,	2006;	
Kyllmar,	 Forsberg,	 Andersson,	 &	 Martensson,	 2014).	 Monthly	
measurements	 of	 N2O	 were	 performed	 from	 August	 2016	 to	
November	 2017	 at	 nine	 stream	 sites	 draining	 primarily	 agricul‐
ture‐dominated	 subcatchments.	 Further	 details	 on	 the	 UPP1	
stream	 sites	 are	 available	 in	 Audet	 et	 al.	 (2017).	 The	 10	 sites	
at	UPP2	were	 visited	3–11	 times	between	 June	 and	November	
2017.	Some	of	the	streams	dried	out	during	the	summer	drought	
of	 2017	 and	 could	 not	 be	 sampled	 on	 every	 visit.	 For	 more	
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2.1.2 | In‐stream concentrations of N2O
The	 data	 set	 of	 in‐stream	 concentrations	 of	 N2O	 was	 formed	
by	 combining	 results	 from	 several	 sampling	 campaigns	 which	
used	 different	 protocols	 but	 all	 relied	 on	 headspace	 equilibration	
method	 (McAuliffe,	 1971)	 and	 gas	 chromatography	 (GC)	 analyses.	
At	KRY,	water	samples	were	collected	in	N2‐filled	60	ml	glass	vials	
sealed	with	 a	bromobutyl	 rubber	 septa.	 For	 each	 sample,	 a	15	ml	














converted	 into	dissolved	N2O	concentrations	 (Cobs)	using	 the	N2O 
solubility	function	by	Weiss	and	Price	(1980)	and	taking	into	account	
the	stream	water	temperature	and	atmospheric	pressure	at	the	sam‐
pling	 time.	Data	on	atmospheric	pressure	were	obtained	 from	 the	
closest	 monitoring	 station	 from	 the	 Swedish	 Meteorological	 and	
TA B L E  1  Characteristics	and	sampling	information	on	the	streams	sampled	in	six	regions	or	catchments
 KRY SES SRC SCA UPP1 UPP2
Latitude 64°N 56–59°N 58°N 55°N 59°N 58°N
Longitude 19°E 14–16°E 13°E 12–14°E 17°E 12°E
Mean annual 
temperature	(°C)
2 5–7 7 7 6 5
Precipitation	(mm/year) 630 450–600 900 600–700 550 600
Subcatchment	area	(km2) 0.03–68 0.9–7.3 0.3–7 9–118 0.5–32 9–834
Strahler	stream	order 1–4 1 1–2 1–3 1–3 1–5
Total	number	of	
observations
420 227 41 72 130 96
Number	of	sampled	sites 15 103 17 18 9 10
Year	of	sampling 2004 2016–2017 2014 2016 2016–2017 2017
Month	of	sampling	
(month	number)
1–12 3,	4,	8,	9,	11,	12 3,	4,	7 5,	6 1–12 6–11
N2O	(µg	N/L) 1.3	(0.4–19.6) 1.6	(0.2–28.8) 0.8	(0.5–1.1) 0.9	(0.4–3.5) 2.0	(0.3–15.7) 1.4	(0.5–15.3)
N2O	saturation	(%) 269	(114–3,630) 370	(48–6,650) 221	(123–355) 297	(140–1,040) 452	(77–4,700) 380	(146–3,400)
TN	(µg	N/L) 410	(150–1,280) 1,020	(220–5,150) 690	(430–1,050) 3,300	(920–13,100) 1,620	(5–9,200) 1,050	(5–6,460)
DOC	(mg/L) 17.5	(3.6–46.2) 27.8	(2.5–150) 25.5	(19.3–51.2) 8.1	(4.1–15.4) 8.6	(2.6–20.5) 12.4	(4.1–48.1)
pH 5.4	(3.9–7.0) 5.4	(4.0–8.1) 6.1	(4.8–6.9) 8.0	(7.3–8.6) 7.8	(6.8–9.3) 7.8	(7.4–8.4)
Land	use	(%)
Agriculture 0.6	(0–4) 1	(0–5) 4	(0–10) 67	(9–97) 49	(0–63) 36	(23–79)
Forest 82	(59–100) 82	(48–100) 85	(70–100) 20	(0–74) 42	(25–84) 55	(8–93)
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2.1.3 | Estimate of total N2O emissions from low‐
order streams in Sweden
The	 total	 N2O	 emissions	 from	 low‐order	 streams	 in	 Sweden	 were	
estimated	using	the	same	approach	as	in	Wallin	et	al.	(2018),	where	a	
national	estimate	of	CO2	and	CH4	emissions	from	low‐order	streams	
was	derived.	Wallin	 et	 al.	 (2018)	 provided	estimates	of	 gas	 transfer	
velocities	for	CO2	 (k600)	for	every	combination	of	stream	order	(1–4)	
and	land‐use	class	(i.e.,	agriculture	or	forest).	The	gas	transfer	velocities	




where ScN2O	 is	 the	 Schmidt	 number	 calculated	 as	 described	 in	
Wanninkhof	(1992),	accounting	for	changes	in	water	temperature.	
In‐stream	N2O	 concentrations	 from	UPP1,	 UPP2	 and	 SCA	were	
selected	to	represent	agricultural	stream	concentrations,	whereas	
the	N2O	concentrations	from	KRY,	SES	and	SRC	represented	for‐
est	 stream	 concentrations.	 The	 annual	 emission	 of	N2O	 (g/year)	
EN2O




N2O	 concentration	 and	 the	 concentration	 that	 would	 be	 present	
in	the	water	if	the	stream	was	in	equilibrium	with	the	atmosphere,	
assuming	an	atmospheric	concentration	of	330	ppb;	AS	is	the	stream	
surface	area	(m2) and kN2O	 is	the	average	daily	stream	gas	transfer	
velocity	of	N2O	(m/day).	The	national	estimate	of	N2O	emissions	was	
obtained	by	summing	the	emission	from	all	stream	order	and	land‐
use	 combinations.	Due	 to	 lack	 of	 stream	N2O	concentration	 data	
for	 alpine	 regions,	which	 represent	 only	 6.5%	of	 the	 total	 stream	
surface	area	in	Sweden,	these	were	not	included	in	our	assessment.
2.2 | Statistics
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Core	Team,	2018),	with	the	package	‘nlme’	and	the	function	‘lme’	
therein	 (Pinheiro,	Bates,	DebRoy,	Sarkar,	&	R	Development	Core	
Team,	 2012).	 Linear	 mixed	 effect	 models	 were	 used	 to	 explore	
linkages	between	N2O	%sat	and	selected	environmental	variables,	
as	these	models	are	particularly	suitable	to	examine	the	patterns	
in	 time	 series	 datasets	 from	 different	 sites	 (Zuur,	 Ieno,	Walker,	
Saveliev,	 &	 Smith,	 2009).	 The	 mixed	 models	 were	 checked	 for	
normality	 and	 homogeneity	 of	 variance	 by	 visual	 inspection	 of	
plots	 of	 residuals	 against	 fitted	 values	 (Zuur	 et	 al.,	 2009).	 The	
significance	of	the	models	was	assessed	by	comparison	with	a	null‐
model	using	the	likelihood	ratio.	The	potential	predictor	variables	
were	 checked	 for	 multicollinearity	 using	 the	 variance	 inflation	
factor	(VIF)	values	(VIF	<	10	indicating	low	risk	of	multicollinearity).	
We	 used	 spatial	 correlograms	 (function	 spline.correlog	 in	 the	 R	




and	 examining	 the	 residuals	 (Pinheiro	 &	 Bates,	 2000;	 Pinheiro	













also	 tested	 (Table	 S1,	models	 5–8).	When	 season	or	 stream	order	
was	 found	significant	 in	 the	models,	 the	variations	among	 the	dif‐
ferent	seasons	or	stream	orders	were	tested	using	Tukey's	posthoc	
test.	In	a	second	analysis,	the	aim	was	to	test	the	effect	of	selected	












The	 mean	 (±SD)	 stream	 N2O	 concentration	 across	 all	 sites	 was	
1.4	±	1.9	µg	N/L	(median	1.0	µg	N/L).	In	general,	the	N2O	concentra‐
tion	within	a	single	 region	or	catchment	was	variable	both	 in	 time	
and	 space	 and	 comparable	with	 the	 variation	 across	 catchments/
regions,	 except	 at	 SRC	 where	 the	 N2O	 concentrations	 were	 less	
variable	(Figure	2a).	All	streams	were	almost	always	supersaturated	
in	N2O	 (99%	of	 the	 samples),	meaning	 that	 they	 acted	 as	 sources	
of	N2O	to	the	atmosphere	(Table	1).	Only	10	samples	(six	at	UPP1	
and	 four	 at	 SES)	 were	 undersaturated	 (mean	 85%sat	 N2O).	 Total	
N	varied	greatly	across	the	sites,	and	higher	values	were	observed	
in	 the	agricultural	 catchments	SCA	 (3,300	±	2,940	µg	N/L),	UPP1	
(1,620	±	1,490	µg	N/L)	and	UPP2	 (1,050	±	1,200	µg	N/L)	 than	at	
the	 rest	 of	 the	 sites,	 although	 SES	 also	 had	 a	 few	 higher	 values	
(1,020	 ±	 680	 µg	 N/L;	 Figure	 2b;	 Table	 1).	 Stream	 water	 pH	 was	




27.8	 ±	 16.0	 and	 25.5	 ±	 7.4	 mg/L,	 respectively)	 than	 that	 at	 SCA	
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and	UPP1‐2	(8.6	±	3.6,	12.4	±	3.4	and	8.1	±	6.5	mg/L,	respectively;	

















with	 third‐	 (238	 ±	 157%)	 and	 fourth‐order	 streams	 (215	 ±	 37%;	
Table	S2).	Furthermore,	second‐order	forest	streams	(269	±	184%)	
also	showed	significantly	higher	N2O	%sat	than	fourth‐order	streams	
(Table	 S2).	Dissolved	N2O	%sat	 in	 agricultural	 streams	 (Figure	 4c)	
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streams	 corresponded	well	 with	 their	 areal	 coverage	 in	 the	 land‐
scape	(Table	2).
4  | DISCUSSION
The	 results	 of	 the	 present	 study	 reveal	 that	 Swedish	 streams	 are	
sources	of	N2O	to	the	atmosphere,	both	in	forested	and	agricultural	
catchments.	 The	 N2O	 concentrations	 reported	 here	 (median	
1.0	µg	N/L;	 range	0.2–28.8	µg	N/L)	were	comparable	with	values	










streams	were	 relatively	 similar	 to	 concentrations	 recorded	 in	 ag‐
ricultural	streams,	although	TN	concentrations	were	higher	 in	the	
latter.	 Still,	 results	 indicated	 that	 an	 increase	 in	 TN	 appeared	 to	
increase	 the	N2O	concentration,	 thus	 confirming	 the	 relationship	
linking	 N	 availability	 and	 N2O	 concentration	 as	 well	 as	 emission	
observed	in	previous	studies	(Beaulieu	et	al.,	2011;	Reay,	Smith,	&	
Edwards,	 2003;	 Turner	 et	 al.,	 2016).	 However,	 other	 factors	 also	
likely	 influenced	N2O	concentrations	 irrespective	of	 land	use.	For	
instance,	it	appeared	in	our	study	that	low	pH	was	linked	to	higher	
N2O	 concentrations.	 Several	 studies	 have	 demonstrated	 a	 shift	
in	 the	molar	 ratio	 of	N2O:(N2O	+	N2)	 during	 denitrification	when	
pH	 decreases	 (Bergaust,	 Mao,	 Bakken,	 &	 Frostegård,	 2010;	 Liu,	
Mørkved,	 Frostegård,	 &	 Bakken,	 2010;	 Nömmik,	 1956).	 Low	 pH	
suppresses	N2O‐reductase	activity,	partially	inhibiting	reduction	of	














ricultural	 streams.	Nitrate	was	analyzed	only	at	one	of	 the	 forest	
regions	(SES)	in	our	data	set	where	it	constituted	about	18%	of	TN.	
This	proportion	is	in	reasonable	agreement	with	previous	research	

















Another	plausible	explanation	 for	 the	 relatively	high	N2O con‐
centration	 in	 forest	 streams	 could	 be	 that	 N2O	 is	 produced	 by	






TA B L E  3  Results	from	the	linear	mixed	models	testing	the	effect	of	selected	environmental	variables	on	the	percentage	saturation	of	
N2O	(ln‐transformed	values)
Parameter estimates Value SE 95% CI n df t‐Value p‐Value
Intercept 6.44 0.24 5.97–6.92 623 611 26.4 <.001
TN	(µg	N/L) 0.00023 0.00003 0.00018–0.00028 623 611 8.9 <.001
pH −0.17 0.03 −0.23	to	−0.11 623 611 −5.2 <.001
Agricultural	land	(%) 0.003 0.002 −0.001	to	0.006 623 611 1.4 .16
Wetland	(%) −0.0005 0.002 −0.005	to	0.004 623 611 −0.2 .82
DOC	(mg/L) −0.003 0.002 −0.008	to	−0.015 623 611 −1.3 .20
Water	temperature	(°C) −0.0001 0.005 −0.011	to	–0.010 623 611 −0.02 .98
Note: Bold	p‐values	indicate	statistical	significance.
Abbreviations:	CI,	confidence	interval;	df,	degree	of	freedom;	DOC,	dissolved	organic	carbon;	n,	number	of	observations;	TN,	total	nitrogen.










providing	 carbon	 and	 N	 to	 microbes	 that	 subsequently	 produce	
N2O.	 In	agricultural	 streams,	N2O	emissions	seemed	slightly	 lower	
in	summer	and	spring	perhaps	because	N	 is	rapidly	processed	and	
depleted	by	 the	vegetation	 and	microbes	during	 the	growing	 sea‐
son.	 Furthermore,	 N2O	 emissions	 from	 forest	 streams	 seemed	 to	
decrease	with	 increasing	 stream	 order	while	N2O	 emissions	were	
relatively	constant	in	agricultural	streams.	A	decrease	in	N2O	emis‐
sions	with	 increasing	 stream	 order	 is	 generally	 expected	 because	
most	N	transported	to	surface	waters	will	primarily	reach	low‐order	
streams	and	is	assumed	to	be	rapidly	processed	before	being	trans‐
ported	 downstream	 (Alexander,	 Boyer,	 Smith,	 Schwarz,	 &	Moore,	
2007;	Marzadri,	Dee,	Tonina,	Bellin,	&	Tank,	2017;	Peterson	et	al.,	





investigated	 streams	 and	 rivers	 ranging	 in	 order	 from	1	 to	10,	 lo‐
cated	 in	 the	 same	 region	and	with	 similar	 crop	cover	 (mainly	 corn	
production).
It	 is	 unclear	whether	most	N2O	 in	 streams	 is	 produced	 in	 up‐
land	 or	 riparian	 soils	 before	 being	 transported	 to	 surface	 waters	
or	whether	 it	 is	produced	 in	situ.	Upland	forest	soils	are	generally	
believed	to	act	as	weak	sources	or	sinks	of	atmospheric	N2O,	and	
production	of	N2O	can	proceed	through	both	nitrification	and	de‐
nitrification	 (Laverman,	 Zoomer,	 &	 Verhoef,	 2001;	 Peichl,	 Arain,	
Ullah,	 &	 Moore,	 2009;	 Skiba,	 Pitcairn,	 Sheppard,	 Kennedy,	 &	
Fowler,	2005).	 Increased	N2O	production	has	been	observed	after	
both	 increasing	moisture	 content	 and	 increased	N	 load	 (Sitaula	&	





agricultural	 catchments	 (Blackburn,	 Ledesma,	Näsholm,	 Laudon,	&	
Sponseller,	2017;	Ledesma	et	al.,	2018;	Ranalli	&	Macalady,	2010).	
The	 proportion	 of	 wetlands	 in	 the	 catchment	 also	 strongly	 alters	
TN,	DOC	and	iron	dynamics	in	headwater	forest	streams	(Löfgren,	
Fröberg,	 Yu,	Nisell,	&	Ranneby,	 2014;	 Sponseller	 et	 al.,	 2018)	 and	
thus	can	affect	N2O	production	processes.	In	situ	production	of	N2O 
in	the	hyporheic	and	benthic	zones	of	the	stream	is	suggested	to	be	





Our	 estimate	 of	 the	 national	 emission	 of	 N2O	 from	 Swedish	
streams	provides	compelling	evidence	that	streams	should	be	con‐
sidered	as	significant	sources	of	N2O	in	global	GHG	inventories.	In	
accordance	 with	 our	 second	 hypothesis,	 we	 highlight	 the	 impor‐
tance	of	forest	streams	for	N2O	emissions	as	more	than	80%	of	the	
Swedish	stream	emissions	occurred	in	forest	ecosystems.	Obviously,	
this	 large	share	 is	partly	explained	by	 the	 fact	 that	 forest	 streams	
constitute	74%	of	 the	 total	 surface	area	of	 the	stream	network	 in	
Sweden,	 while	 agricultural	 streams	 account	 for	 21%.	 The	 total	





The	 national	 N2O	 emission	 from	 Swedish	 streams	 estimate	
should	be	 interpreted	with	 caution	due	 to	potentially	 large	uncer‐
tainties.	 For	 example,	more	measurements	of	 the	gas	 transfer	 ve‐




due	 to	 the	 relatively	 low	 TN	 concentration	 measured	 at	 UPP1‐2	














considering	 that	 N2O	 transported	 in	 stream	water	 can	 be	 rapidly	
outgassed	to	the	atmosphere	within	a	few	hundred	meters	of	stream	
length	(Reay	et	al.,	2003).	Taken	together,	our	national	estimate	of	
stream	 N2O	 emission	 might	 underestimate	 the	 contribution	 from	
agricultural	streams.	Still,	in	spite	of	these	uncertainties,	the	results	
point	 to	a	 substantial	 contribution	of	 low‐order	 streams,	 including	






as	 substantial	 sources	 of	 N2O	 to	 the	 atmosphere.	 In	 particular,	
N2O	 emissions	 from	 forest	 streams	 should	 be	 taken	 into	 account	
in	GHG	 inventories,	considering	 that	boreal	coniferous	 forests	are	




This	 study	 suggests	 that	 even	 relatively	 low	 N	 levels	 pro‐
cessed	 and	 leached	 to	 surface	waters	 via	 acidic	 soils	 in	 forested	
catchments	 can	 yield	 significant	 amounts	 of	N2O	emitted	 to	 the	
atmosphere.	 Consequently,	 N	 deposition	 and	 fertilization	 of	 for‐
est	 soils	 might	 lead	 to	 higher	 N2O	 emissions	 than	 anticipated	 if	
N	 is	 leached	to	surface	water.	Atmospheric	N	deposition	reaches	
about	 7	 kg	 N/ha	 year	 in	 southern	 Sweden,	 3.9	 kg	 N/ha	 year	 in	
central	Sweden	and	1.2	kg	N/ha	year	 in	northern	Sweden	(Lucas,	
Sponseller,	&	Laudon,	2013).	In	addition,	~33,200	ha	of	forest	were	
fertilized	 in	 Sweden	 in	 2015,	mostly	 in	 the	 north	 (average	 fertil‐
ization	was	150	kg	N/ha	year;	Swedish	Environmental	Protection	





N2O	emission	 factors.	 According	 to	 IPCC	 guidelines,	 the	 ratio	 of	
volatilized	N	assumed	to	end	up	as	N2O	after	redeposition	is	0.01,	
that	is,	1%.	This	ratio	might	be	seriously	underestimated	when	re‐
deposition	occurs	 on	 acidic	 soils	 such	 as	 the	majority	 of	 conifer‐
ous	forest	soils	in	Sweden.	Furthermore,	there	is	a	current	debate	




using	 a	 modeling	 approach,	 concluded	 that	 N2O	 emissions	 from	
inland	waters	might	 be	 overestimated	 by	 an	 order	 of	magnitude	
(Maavara	et	al.,	2019).	However,	a	review	concluded	that	the	IPCC	
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